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Uk+11
Uk+12
)
=
(
ϕk+1n
Tn− 1
Tn
)
: Ω −→ Rq


J
k+1 =
(
J
k+1
n
JTn
)
=
(
J
k+1
1
J
k+1
2
)
: Ω −→ [Rd]q
Ł|rp,p7
Ski,j(x)
Uk+1j − Ukj
∆t
−  y°£ (Jk+1i ) + Fi(x,Uk+1) = 0, i = 1, . . . , q = 2,
J
k+1
i = Ai,j(x,U
k+1)∇Uk+1j , i = 1, . . . , q = 2.
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
É

y{y?Ł
Uk+1i = Gi(x)

ΓD


J
k+1
i · ν = 0

ΓN , i = 1, . . . , q ,
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


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ν
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aŁp?t |?ry{tFzt~Àrs'~8
Ω
y{
ΓN ,
Ä,ü¸"p?t|rﬁ`r×Ì1rŁ¸fprt6r¼r~ts
rt]1y{t!zrtŁŁyrŁ}¾nŁhtyP~~{/y
Fi


Aij
Á2prt!,trŁy

tt

rt£my|?ŁŁÉt
k
Ä
oBprt

|~As/yÕ?t

£yPy~l¸Ws}|?~PyÌ1pry{p4~~{×Ì1Ł|rŁprt}s y°zt

»ry°tt~ts/tar?ap
rtt

Ł1prtya

|ry¸Aprt¸W~~{êÌ1y{rw¸W|r?y{~ÑŁtŁ
H(

y{£
) = {ω | ω ∈ (L2(Ω))p,  y°£ (ω) ∈ L2(Ω)},
V0 = {ω | ω ∈ H(  y{£ ), ω · n = 0  ΓN}.
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  y{ŁBy{£t,¼` 
 t!|rŁB»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(
U
k+1,Jk+1
) ∈ [L2(Ω)]q × [V0]q Ł|?pIpr
∫
Ω
Vi S
k
i,j(x)
Uk+1j − Ukj
∆t
dx−
∫
Ω
Vi
 y{£
(Jk+1i )dx +
∫
Ω
Vi Fi(x,U
k+1)dx = 0 ∀V ∈ [L2(Ω)]q,
¾ #¥aÁ∫
Ω
Bi,j(x, U
k+1) Wi · Jk+1j dx +
∫
Ω
 y{£
(Wi) U
k+1
i dx−
∫
ΓD
Gi(x) Wi · νdΓ = 0 ∀W ∈ [V0]q ,
¾ # aÁ
Ì1y{p
B(x,Uk+1) = [A(x,Uk+1)]−1.
oBprt»ry{t1t~ts/taf¸Ws}|r~y{JyŁÀ¼zy{rt  ¼a/tr~y{rprtŁrtŁ
L2(Ω)
 
V0
¼`6»?y{t  yÕÆ
s/trŁy{~zŁ|r¼rŁtŁftrtt  ×£tfﬃyP?|r~Py Th ¸ Ω |rŁyr]£zyÉÆ oBprs'Ł RT0 t~{ts ta
y¿Ä tÄ
Lh = {vh ∈ L2(Ω) | ∀K ∈ Th, vh|K = Ë"rŁ },
V0h = {ωh ∈ V0 | ∀K ∈ Th, ωh =
∣∣∣∣ αKβK + γK
∣∣∣∣ xy
}
.
Ì1prtt
αK
º
βK


γK
t}`|rs ty{]~Amt  y{taŁ ´ *·UÄ rr~{my{r t!ÌBmÆÇrprŁ¹s/t!pr


prt

y{Łttﬃ£tŁy{¸p?tŁmŁts¾ #¥aÁ!ºl¾ # Á"

¸çt"prtt~{ys yy ¸8prtﬃrys/~\£yP¼r~t
U
Ì"t¼?y,JŁt ﬁ`|rtrtw¸A~y{rt]r¼r~ts/Ł¾Wy

tF
l
Á2¸Wp?t

|~l£y¼r~{t
J
l+1 r~{
∫
Ω
Bi,jδj,β Wi · Jl+1β dx +
∫
Ω
Λα,β
(

y°£
(Wi)δi,α + ∂Uα(Bi,j) Wi · Jlj
)

y{£
(Jl+1β )dx
=
∫
Ω
Λα,β
(

y°£
(Wi)δi,α + ∂Uα(Bi,j) Wi · Jlj
)(
Skβ,γ
U lγ − Ukγ
∆t
+ Fβ
)
dx
−
∫
Ω

y{£
(Wi) U
l
idx +
∫
ΓD
Gi Wi · νdΓ = 0, ∀W ∈ [Vh]q .
¾ *aÁ
oBprt,prtrys/~£yP¼?~t
U
l+1 y{ŁBt×£tt  ºt~{ts ta1¼at~{ts ta]ºr¼a
U l+1α − U lα

K
= −Λα,β
(
Skβ,γ
U lγ − Ukγ
∆t
+ Fβ(U
l)−  y°£ (Jl+1β )
)
K
, α = 1, ..., q = 2,
¾ *z¶êÁ
Ì1prtt
[
Λα,β(x,U
l)
]
=
[
Skα,β(x)
∆t
+ ∂Uβ(Fα(x,U
l))
]−1
.
¾ *¤Á
 ¨

t2}

?fprtm|?s/ty~Łprts/twprt¸Ws}|r~y{6¸lp?t

y°ØÑ|rŁy s/y°J¸WÀp?t¯¡²À
s/

t~UºzÌ2trtt

»Ł1prty{`£tŁt¸Aprts'yÕ
A
B = A−1 ,
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  ºprtÑº¾  |rt2ﬃp?t t!ÌBJs tpr  Á8prt"yP~  ty°£y{£tŁþ¸prtt~ts taŁþ¸
B
Ì1y°pJtŁt!
6prtt`a¨£yP¼?~tŁ¾
U1 =
ϕn
Tn
º
U2 = − 1Tn
Á"y¿Ä tÄ
∂Bij
∂Uα
, i, j, α = 1, 2 .
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A −→ B = A−1
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ΓD = {(x, y) : y = 0.2, 0 ≤ x ≤ 0.1, 0.2 ≤ x ≤ 0.4, 0.5 ≤ x ≤ 0.6} .
oBprtwprtÉ ¸
∂Ω
yŁ~P¼t~{~t

Ł
ΓN
Ä1oBprt¼h|?

ÉI

y°y{rŁtŁŁyrt

Ł¸W~{~×Ì1ŁÄ t
p]£tprs yﬃa!Ł1yŁ|rtw
,
y{ 
φ = φint + Vapp ,
¾ *ÃaÁ
ϕn = −Vapp . ¾ *u`Á
ÊprtatÌ2tp]£t/xmpr%ﬁaa
φ = φint + VB + Vapp ,
¾ *Á
ϕn = −Vapp , ¾ *#aÁ
Ì1prtt
VB
yŁﬃp?tJ¼ytﬃhtayP~As/

t~{~y{r/prt xzpr ﬁa4a!'´î¤z¶!·¿Ä}oBp?t ¼?|ry~°ﬃy4tay~
φint
y{ŁprtŁ~|?y¸
F (φint) = e(n(φint)− p(φint)−ND + NA) = 0 ,
Ì1prttprt ﬁm|rŁyÕÆ
±
ts/yh~t£t~tﬃﬁt¡Ł
ϕn = ϕp = 0
ÄKoBprtprt1¼h|?

É

y{yrŁt
W = W0, on ΓD,
¾ * *Á
ν · ∇n = 0, ν · ∇W = 0, ν · ∇φ = 0, i = 1, 2 on ΓN . ¾ *¥aÁ
   .á/ù !øù
¤     -0$'=> !ﬃ- "!ﬃ11?3 :4:43F!ﬃ-	 3 & !ﬃ-;3F!ﬃ-
 ﬃ	>='= $ >1
!tt ∇ yŁp?t/¼ry  ys t?Ły~þ  y{tawhtÌ1pry~{t ν yŁprt/|rry°|? Ì  rs/~þ£t
∂Ω
yprtrŁy  tt  yaŁÄ ± prt`|rs ty]~lŁy{s}|r~Py'Ì"tŁ1¸Ws prtt ﬁ`|ry~{y¼ry|rsŁt
¾
Vapp = 0
Á  ¸çt1  tŁy{t  ¼ryŁBhya1yŁBt]prt  ¼a¸W~{~×Ì1y?}6py{prtŁt¸	rr~{yt 
htayP~1¾ç£myP¨t`yP~	yrts taŁÁ!Ä ± yŁÉÌ"tJ¸W~{~×ÌµprtJrp
VS = 0
º
VG = 0
 
VD = 0

1.6
À~°¼adŁÉtD¸
0.2
À~{d¸çtŁy{r¸WsÈprt/y{`
VS = 0
º
VG = 0
 
VD = 1
Ì2t
 ttŁtprtttayP~
VG
¸Ws
0
 −5 À~{B¼aŁÉt,¸ 0.2 À~°]Ä  p?tprtatt`yP~
yŁBŁ| yta~{~{×ÌºrrI¾ Ły?y{»a ]Á2|rta ×Ì*¸Ws  y6Ł|rtÄ
oBprtwtŁ|r~{ŁﬃtwŁpr×Ì14yI»r|rt'´îÃ·°Æ´î ·UÄ1oBprt ﬁ`|~{y{y°£t¼htp]£myyŁŁy{s/y{~P/prﬃ¼zy{rt 
y ´î·UºÑ¼r|zﬃprts'ê?y{s}|rs £~{|rtŁ ¸Wtrt4  £t~my{ It}pry{prt¼ht]|?Łt}prttwprt}¼~y{
¼  r?]zys/y{¨pŁ1¼tt¡|rŁt  Ä

  ! Z ﬀﬃﬂ <!
"w # -./&0$*)
  pryŁ Łty(Ì"tIprt ﬁ(prt£~y  y{  ¸|r t?t`Æ¿rŁÉ¨s   t~1  prtIt  y{tr! ¸
prtI`|rs/ty{]~1s tp?  ¼a Łys}|r~y{r¹d¼?y  y{s/trŁy{~s t~1]?y  t,Łts y  |? »t~  tØht
rŁy{Ł¾¿¯³Êx ± ²ÀoÁFÄoBprtŁpht¸8prt  t!£myty{ŁBry!|rt  y ± y{|rtw¶×?ÄKoBprtztŁ¸At!¸Wttrt
 n+                                            n+
     p
SiO2
source   drain     gate
0                                                                              0.4
    0.4
±
y|rt}¶× fxmprts/y{trtŁtay{I¸þ6¼ry

ys trŁy~l¯³Êx
±
²ÀoÄ
¸Ws ttprŁt~~t~rwprt t

tŁ¸lprt

t!£zy{tÄ  tﬁt prt

ys trŁy?Ł2¸ÑprtŁy~{y/r
¸8prt¯³Êx
±
²Ko*6¼htŁ|?pIprBprt`|rs ty]~

s/yy{Ł
[0, 0.4]× [0, 0.4]


Bp?t,¸AprtŁy{~y¨Bp?tŁy~{y×zy

t

s/y¨y{Ł
[0.125, 0.275]× [0.4, 0.406]
Ì1prttprt~trpy{Łprts ylÄ
æ  <æWô
  ( & >1 $ :ﬀ!ﬃ=$'&)(*= !ﬃ/2$ 3 -3
	 $'= $ :43 -  +	 + !ﬃ- 	 + ¤z¶
oBprttyrŁ1¸	p?ypzÆ  ry{r
n+
tﬃprtŁ|r¼rŁt!
[0, 0.1]× [0.35, 0.4] ∪ [0.3, 0.4]× [0.35, 0.4].
oBprt/a!Łprt Ł|rt' d yNt
0.1µm
Ì1y  t/  prt6`wp?t/atJyŁ
0.15µm
Ì1y  tÄ}oBprt  y{Łrt6¼t Ì2ttNprtJt6  prtJprtﬃ Ì2Ia!ŁyŁ
0.025µm
Ä  y  ¸2u #uu
t~ts/taŁpŁ ¼tt³|rŁt  ¾nŁtt»|rt'¶¶êÁ# ÃÃuu'y{,prtw¼r|?~ﬁ rtºÑÃuaÃ/y{,prt
n+
Ł|rt.rtºhÃa *
yprt
n+
 y{ rt  #Jy{¨prt]zy  t rtÄÀoBprt  ry{rJrt`y,yŁ
±
y|?t}¶¶f¯ItŁp¡|rŁt

¸Wprts/?|?yÑÄ
nD(x)− nA(x) =
{
1018cm−3
y¨prt
n+
tyrŁ
−1014cm−3 y{prt p ty
Ì1y{p,¼?|r?þ|r?y{rŁÄ
dt¨p]£tŁŁ|rs t

prs/y{/a!ŁJdprt¨Ł|rtº

y{ 

at¨

xzpr ﬁaDa!J
prt,¼r|r~ﬃﬁÄc¯It×£tºÌ2tIp]£t³ŁŁ|rs t

prs t?t|rŁ t|rs/r(

y{y{rŁ6prt,ts'yry{r
¸"prt ¼h|r
 ÉÄ  d
 t,t]p prt
 tŁyt
 ¼ryPŁº
Vd = 1.0 Vs = 0


Vg = 0.5
ºÌ2t
»ŁÉ s/?|?tprtt ﬁ`|ry{~y{¼ry{|rsEŁÉtw

p?tIprtw?t£my{|rŁhy{ay{Ł1t]prt

¼a,`y`|y,
rr~{yt

tayP~¿Ä
±
yŁ]º<Ì2t'
Vd = 1.0
¼a¹ŁtrŁ¸
0.1
À~{

¸çtÌ"t 
Vg = 0.5
Ì1y{p?y¹ Ì"IŁtrŁw¸
0.25
À~{Ä'oBprt ~Às |ra¸s/?|?yr~	y{s/tJIt]p prt

tŁyt

¼ryPŁ}¾
Vd = 1
º
Vs = 0
º
Vg = 0.5
ºh|rŁy{r¨p?t}s/tŁp³y{£t4¡»|rt¨¶¶êÁ1Ì"Ł¼|? ua

4¨~P?
s r|?t¾¿ËBÊ¯¡  ¯ *zºl¶pº\ ﬃ¯Ã¥u/¯I¼lº|rrry{r

y`|zrÁ!Ä
 J

t	ﬃtŁÉy{s't"pr×Ì(s}|rp}»rrtprt"s/tŁpJŁp?|r~

¼htºÌ"tpr×£tBs t

prtŁ|rtB|rta
¸W

y°ØÑtta1s tŁprtŁÄ2oBprttŁ|?~{Ł1tŁ|?s/s/yﬃt

y¨¼r~tÃzÄKoBprtttr1t~{t£a

y{ØhttrtŁ
s/r prt}tŁ|?~{ŁÌ1y{p¡s tŁp?tŁÃ?ºu

zÄoBprtt¸WtwÌ2t}|rŁtwyIprtwŁys}|?~PyrŁprt}s tŁp4Ã/¸
prt¼r~t¼t|rŁt~tŁŁys tt!zhtrŁy°£tÄ
oBprt/tŁ|r~{Ł¸prt `|rs ty{]~Ày{`ty{Nt tht

y¹»|?tŁ¨¾É¶ê¤Á Æ!¾Ç¶× aÁFÄ
±
prt/Łﬁt'¸
s r~t!trtŁŁ Ì"twp]£tJ~{Ł/s t

prt}|rta~y{rtŁ¼?y?t

Ì1y°p¡prtJx`³s/

t~Ì1y°p
prŁt/y{£td¼a¹p?t'¯I²f%s 

t~¾W»r|rtŁ/¶ *,

¶×¥Á!Ä oBprt ﬁ`|~{y{y°£t}¼tp]£my|ry{Ł~s Ł prt
Łs tÄKoBprt~PtŁ

y°ØÑttrtyŁBy{¨prtt?t,

y{By{Ł1¼h|?¤
%
Ä
   .á/ù !øù
¤¤     -0$'=> !ﬃ- "!ﬃ11?3 :4:43F!ﬃ-	 3 & !ﬃ-;3F!ﬃ-
 ﬃ	>='= $ >1
INRIA-MODULEF
INRIA-MODULEF
X Y 
Z 
±
y|?tJ¶ê¤2fx`y/Ł~{|?y{¨¸Wp?tt~t

trŁy{ y{I¯³Êx
±
²Ko ¾Ws
−3 Á!Ä
INRIA-MODULEF
INRIA-MODULEF
X Y 
Z 
±
y|rtJ¶×Ã fxmy{É'Ł~|zy¨¸Wprtt~t!ts t|rty{I¯³Êx
±
²Ko ¾WtÁ!Ä
æ  <æWô
  ( & >1 $ :ﬀ!ﬃ=$'&)(*= !ﬃ/2$ 3 -3
	 $'= $ :43 -  +	 + !ﬃ- 	 + ¤Ã
INRIA-MODULEF
INRIA-MODULEF
X Y 
Z 
±
y|rt}¶u fxmy'Ł~{|?y{¨¸Wprtt~tŁÉyﬃtayP~lyI¯³Êx
±
²Ko ¾ À~°FÁ!Ä
INRIA-MODULEF
INRIA-MODULEF
O 
X Y 
Z 
±
y|?t¶ê2þxmywŁ~{|?y{}¸WKp?t1`Æ s h?taf¸hprtt~ty»rt~

y'¯³Êx
±
²Koµ¾=À~{ s'Á!Ä
   .á/ù !øù
¤u     -0$'=> !ﬃ- "!ﬃ11?3 :4:43F!ﬃ-	 3 & !ﬃ-;3F!ﬃ-
 ﬃ	>='= $ >1
INRIA-MODULEF
INRIA-MODULEF
O 
X Y 
Z 
±
y|rt¶ #2Kxmy{É}Ł~|?yJ¸WþprtaÆüs hrtaf¸Ñprt1t~{ty{1»rt~

y/¯³Êx
±
²Ào%¾ À~°# s¨ÁFÄ
INRIA-MODULEF
INRIA-MODULEF
±
y|rtJ¶ *%fË"|rta~y?tŁByI¯³Êx
±
²Ào;¸Wp?tw¯I²fcs 

t~UÄ
æ  <æWô
  ( & >1 $ :ﬀ!ﬃ=$'&)(*= !ﬃ/2$ 3 -3
	 $'= $ :43 -  +	 + !ﬃ- 	 + ¤
INRIA-MODULEF
INRIA-MODULEF
±
y{|rt}¶×¥ fË"|rt`~y{rtŁBy{I¯³Êx
±
²Koj¸Wprtxms/

t~¿Ä
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
Drain potential (Volt)
Cu
rre
nt
 (A
mp
ere
/cm
)
Vg=Vs=0
MEP model
Stratton model
±
y|rtJ¶×  fË"p!tyŁÉy|r£t¸Wprt¯³Êx
±
²KoÄ
IS(VDS)

VG = 0
Ä
   .á/ù !øù
¤#     -0$'=> !ﬃ- "!ﬃ11?3 :4:43F!ﬃ-	 3 & !ﬃ-;3F!ﬃ-
 ﬃ	>='= $ >1
350( ﬀﬂﬂ+- 0ﬂ&+! !*ﬂ&&+*1
Is
0&4     

ﬀﬂﬀﬂ "-@0'6@ ()1- !*ﬂ&&+*18+

!*(
	
Vd Vs Vg
() () () () ()+
 * ﬁ* ﬀﬁ * ﬂﬁ * ﬃ )*
ﬂ! ﬂ ﬂ ﬂ!ﬁﬀ ﬂ! ﬂ!ﬃ  ﬂ!ﬃ"ﬀ ﬂ!ﬃ"ﬀﬂ
ﬂ# ﬂ ﬂ ﬂ!$ﬃ  ﬂ!ﬂﬂ ﬂ!ﬃ  ﬂ!ﬂﬃ ﬂ!ﬃ 
ﬂ# ﬂ ﬂ ﬂ#ﬃ  ﬂ#$ﬃ  ﬂ#ﬂ ﬂ#ﬂﬃ ﬂ#ﬂ
ﬂ  ﬂ ﬂ ﬂ#ﬁ% ﬂ#ﬂ$ﬃ ﬂ# ﬂ# ﬂ#ﬁ
ﬂ# ﬂ ﬂ ﬂ#ﬃ  ﬂ#ﬂﬃ" ﬂ# ﬂ#ﬃ ﬂ#ﬂﬃ
ﬂ# ﬂ ﬂ ﬂ#ﬂ ﬂ#ﬂﬃ  ﬂ# ﬂ#&%ﬂ ﬂ#$ﬃ
ﬂ'ﬃ ﬂ ﬂ ﬂ#ﬁ ﬂ#ﬁﬀﬂﬃ( ﬂ#ﬁﬀ ﬂ#ﬁﬀﬂ ﬂ#ﬁﬀ&
ﬂ# ﬂ ﬂ ﬂ# ﬂ#ﬃ ﬂ ﬂ#ﬃ"% ﬂ#ﬃ"ﬀ ﬂ#ﬃ ﬂ
ﬂ# ﬂ ﬂ ﬂ#ﬂﬃ( ﬂ ﬀﬂﬂ ﬂ ﬀﬂﬁﬀﬂ ﬂ ﬀﬂﬁ)ﬃ  ﬂ ﬀﬂﬁﬀ
#ﬂ ﬂ ﬂ ﬂ ﬀﬂ ﬂ ﬀﬂ ﬂ ﬀﬂ ﬂ ﬀﬁ ﬂ ﬀ
#ﬂ ﬂ ﬂ# #ﬂ #ﬂﬁﬀﬂ #ﬂ #ﬂ #ﬂﬁﬀﬂ
#ﬂ ﬂ ﬂ#ﬂ 'ﬃ  'ﬃ  'ﬃﬃﬃ  'ﬃﬃ  'ﬃ 
o	¼r~tÃ 2Ë"s yŁ¸8prts/?|?t

Ł|rt|rta¸WBŁt!£t~s tŁp?tŁÄÀoBprt~hs r|?yr
y{s/tÌŁ~{tŁŁ p #

Ãﬀ*¸Wﬃs tŁp ¶6

¼|?}¶]¥

¸Ws/tŁpN¤'³prt}~?³s r|?tÄîoBprt
£y{|rŁ»|?tŁ1rtŁtat

tt~Py{£t  s tŁp,Ã?Ä
+

",<!w.+ E
 /C 1+= 168
oBprt¯¡²À trtaÆürŁhÀs 

t~z¸W	ptrŁÀy{JŁts/y{

|rþyŁA¸WttB¸la»ryr
s/t!tŁ

y{ yŁ ¼rŁt

4Ł|?



rŁy{ŁtarpamŁy{]~Ary{ry{r~tŁÄ  ³prtwrtŁtay~{t
y{pŁﬃ¼tt³Łp?êÌ1Ñº<ﬃ~{t]ŁÉ y{¡p?tw¼~y{¼r

Łtºhprﬃy° ³¼tw|rŁt

¸W ËﬃÅ r|rhŁtŁ
Ły{s}|r~Py?wJ¤Åµ¯¡²fx
±
²Ko;

J¤Åµ¯¡Êx
±
²KoÄ?oBprtﬃ`|rs ty~hy{aty/yŁ"¼rŁt

ws y°zt

»ry°t¨t~ts taws/t!pr

Ì1pry{p yŁ£tÉD¼r|rŁºK|attŁ6|rt¨|rta6rŁt£y{ 

yŁ
¼r~{tﬃ

t]~lÌ1y{ps/?~t!¨ts/t!Ä
oBprt4tFmt?Łyc¸p?t³s/t!pr



t~Ì1y°p0prt³Łt³¸trt0¼
 
tŁy{¼ht

¼a )rt

Ł

yŁhtŁyt~Pyy{ŁB|r

t1|rtaya£tŁyay¼a¨prt|?prŁÄ
oBprt|?p?ŁﬀÄñ¯NÄ Ä{º }ÄîÄ

¢?ÄÂ¯dÄÂxhÄ ﬁm?êÌ1~{t

t"prtf»?yP~zŁ|rr	¼`}¯dÄ$Ä-,ÄÂ*¾¿ËBÊ
±
 
¤a¤ 8.143 	 =>&)$ "!ﬃ/ >& !ﬃ/2$ :$  >='=> / >43 1 $ > :$'-;>/ $ :  0>ÁFºþAÄîÄ ÄB¾ntF #
%
Á

Ë  ¾  t

³¤
` Ë Åﬃ&*6

alÄÀzÄÂz¶ê¤¥?ÄÂxzo *u`ÁFÄ
æ  <æWô
  ( & >1 $ :ﬀ!ﬃ=$'&)(*= !ﬃ/2$ 3 -3
	 $'= $ :43 -  +	 + !ﬃ- 	 + ¤ *
  BA1
"1
! 

8 ?& 1-	%   
0( 0


(  ﬂ-1ﬂ +
*"*()*1 ()*- /0& 1- 0&+-ﬂ*& * ﬀﬂ "!5ﬀﬂ&+ ﬂ"*() 1
 *(  "!#

ﬀ !*ﬃ   1ﬂ +  "*()*18 ()*-ﬂ  61ﬂ 1-   6@*1 - +0&+ 	
$!*ﬂ&+

0+ ﬂ
 8ﬀﬂ& 1ﬂ6@*& 	 *&?6ﬃﬃ
ﬂﬀﬂﬀ   ﬃ 
#

  

1ﬂ "ﬀ
	 ﬁ0( 1 

01.ﬀ%&'  0 "! %1- &'1ﬀ 0&< 1 +*(  "!01-!*+0&+ﬂ !*";ﬂ&+>()0()*1
ﬃ8% "01
235018 1ﬂﬂ( :!'  
*&()8-ﬃ1   	ﬀﬂ#ﬂﬃ  
 8ﬀﬂ& 1ﬂ6@*& 	 *&?6
# 	 ﬁ40( 1 

01:ﬀ%&'  0 "! %1- &'1ﬀ 0&4 1+*(  "!01-!*+0&+ﬂ<!*";ﬂ&+   ﬀﬂ&+8-!* "01:+*&()4 1
()0()*18ﬃ8% "01
235018 1ﬂﬂ( :!'  
*&()8-ﬃ1   ﬂﬂﬂ	 ﬂ# ﬀ
 8ﬀﬂ& 1ﬂ6@*& 	 *&?6 ﬂﬂﬂ
   	 ﬁ40( 1 

01 ﬀ%&'  0 "! %1- 8ﬃ-&+-ﬃ81%(  "!# ()-ﬂ*=0&   "!01.+*(  "!01-!*+0&+<1-  ( ﬂ? "01
 *"!*&+01:-ﬂ& "!
    :* 

ﬀﬂﬀﬂ !*   ﬂﬂ$	
 ﬁ!ﬂ ﬀ )ﬃ(ﬀ
"@0ﬂ1$#  "*ﬃ91-01
% +-  ﬂﬂ
# 	 ﬁ40( 1 &  ( ﬂ? "017    "!01     ('<  101ﬂﬀ%&'  0 "!<8ﬃ-&+-ﬃ1%(  "!#()8-ﬂ* %0+-
01 ﬁ(  ( ﬂ( *1&+0ﬀ8ﬃ9ﬀﬂ& 1!* ﬀﬂ"ﬀ
"%2350( ﬀ " ﬃ  ﬂﬂ	 $ﬃ ﬂ ﬃ ﬂ 
# 

 !+*1%) +*-,./021435,7698;:<=>1?/ﬀ@ACB,;3D@E<GFBHJI"=K@L=M1?B0ONP3.=M1Q3RI"=KSPT@U/ﬀV>=>Bﬀ0+W 8ﬀﬂ& 1ﬂ6@*&X#  "*1

D'ZY0&5) 
'ﬃ    01'&1%:-%[*" -ﬂ.&'1ﬀ 0&)-\ﬁ]*1*&6; "9-ﬂ +*(   !01-!*+*ﬂ&+
^]*-ﬂ 0ﬃ( ﬀﬂ+0 _ﬃ *
&?]+0ﬂ "01:ﬀ%&`]*_]*()*1+-1ﬂ "<(  + 
![+-ﬂﬁ-ﬂ!*+0&'
!a1ﬂ !@*&+ ?] & ",	J4
ﬂ!* ﬃ(
#

 &&+!!%
%   01'&1% 8 ( ﬂ? "01-ﬂ<()8-%[*"4*1*&6;ﬃ; &'1ﬀ 0&Xb c\  "-ﬂ-ﬂ`]*_]*()*18+d1ﬂ "
(  +23 ﬁ 

!#0-  !* ! & "
ﬂ	 0#
 *& "R4
% ﬁ%ﬀ
 
#e
*1

 -?f


U
+&>*6@01-
 U
 1-g>*1ﬂ "*ﬃ
  U
h\

1 *1*&6;ﬃ; &'1+ﬀ 0&()-ﬂ*/0&>+*(  "!01-!*+0&+
-ﬂ*& !@-  &+0( e
05i( 1ﬂ1ﬃ% "01f\U
fjWkI2Vc/ﬀVlW698m:<W"n"o  	 ﬂ 
!ﬂe
*1

 -?f


U
 1-p&>*6@01-
f U
q\' 1 7ﬂ "*&'&+!+8ﬃ  ( 0!*&+;+!0ﬀﬂ "!)()8-ﬂ*" =0&ﬁ+*(  "!01-!*+0&+\U

jWrAC/ﬀVK8W6s8;:<W!tu 	 ﬂ v(
!& 23 *1f
  23 !wﬁ1f
2a%  ; "0 c
 3qc#  8f
2 %& ﬂ+01f
+*X0C=xSXy2H5B.3?,O30+3HMz:{|V>H5/0%<lyBHDV^S}B ,;3@k=K0!{
1D@~T%,=x0zP02B0y/ﬀH/;?B@L=M1D=>V>:	/ﬀ02,02B0!{|S}/ 93@K@L=M/0O,=x<V>H=MTV>=MB03>X351VK<
    01  "!*&+01&>& "!`$*+*&+

ﬂ# v( 	 
!  m ﬃﬂ(})8 "
me  0"?)8ﬃ


8ﬂ &51- 	  "+!?)ﬃ
r!H/0!<4=c30"Vk<3S	=M1?B02,T%1VcBH,;3. =>1Q3J<4=KS	Tm@U/ﬀV>=MB0=x021@LT%,{
=K0mz30+3HMz:O5/@U/021Q33?ŁDT/V>=>B02
2350( ﬀ * ﬀﬂ 4v(  	 
!  8&'+01f
N= dTm<4=MB0BFd8BVr/02,	1?Bﬀ@,3@_351V>H5B0%<X=x0<3S	=M1?B02,ﬀT1VcBﬀHJ5/HH=M3H4<
m ﬃ4& U
%  	

ﬀﬂﬀ  ﬂﬂ v(ﬂ&%
!& 

!*&+/

# 1- *&(  1

&  ﬃ 	
 0 "-8'+p ﬃ "!
 ﬂ ?0-ﬂ*ﬀﬂﬂ ?
 0ﬂ1-ﬂ*&+A350"*6@
  ﬂ "+ﬂ 1ﬂ6 1+*&1% "01% -  "01
!  m @-ﬂX>&+80
1-7   iﬂ&
RB07dŁDT=x@~=MDH4=KTmSk83DH4SB,:02/ﬀSP=M1<D
 >&>@*&^  ﬂ "!# "01^ 1!U
'	


D'
Y0&5)
  	
!   0+!# >1- 	 90( 1%
 8 1-ﬁ

 () ﬂ   ﬃ -ﬂ*& !@-  &+0( :ﬃ-&+8-ﬃ1%(  "!()8-ﬂ*
+*(  "!01-!*+0&+ %0+- 019ﬁ(  ( ﬂ( *1&+0ﬀ8ﬃ9ﬀﬂ& 1!* ﬀﬂ"ﬀ
ﬂﬀﬂ&+*ﬀﬂ& 1ﬂﬂ
!$ﬃ    e5&+Dii c
   0& 1  : ﬂ- 1-Rﬃ ﬂ& "-   1ﬂ +  "*()*1 *8-ﬂ 8ﬀﬂ& 1ﬂ6@*& *& "  1 350( ﬀﬂﬂ' "01%
 *(  "!
 8ﬀﬂ& 1ﬂ6@*& 	 *&?6  $	 
   .á/ù !øù
¤¥     -0$'=> !ﬃ- "!ﬃ11?3 :4:43F!ﬃ-	 3 & !ﬃ-;3F!ﬃ-
 ﬃ	>='= $ >1
!7   " '< 15) c
% %$ "!

ﬂ6;()*18+-O 6;&'1ﬂ6; ?1:1-  ﬀ *&'+0& 8ﬀﬂ  1ﬂ6 :*-ﬂ
 1

01ﬂ 1#&
!+%1ﬂ "!
 

 
 8- "4 1

ﬀﬂﬀﬂ "- *(  "!
2 ﬂ ?0-ﬂ*ﬀﬂﬂ ?
 
! 3   2ﬂ&+ﬀ
Y % ﬀ *6ﬃ   -ﬃ+?]>'*&\ ,6;ﬂ "-ﬂﬀ
 @*&+ "01 'ﬃ(%ﬀ   !+ U
"  #ﬂﬁ%U
 *ﬀﬂ!
#ﬂ7%# @*&+0()1-73qc#  88f
^0+3HMz:RSB,;3D@E<kFBH-B03{ 1?/ﬀH4H=M3DHV>H5/0%<lyBHDVk=K07<3S	=>1QB02,T%1VcBHJ,;3.=M1Q34<D
8 1
I3DSP=M1?B0+,T1VcBHQ<qy/HDV


 
- 

@0ﬂ()  1  *(  "!51-  +

ﬀﬂﬀﬂ "!# "01


  8350ﬂ6;ﬂ&'1f

%%350"ﬀ
" 2 "#ﬃ-
!%!w  # ﬂ +ﬁ- +0&+  ﬁ)	
ﬂﬀﬂﬀ   v(ﬂﬃ(
#   *  *&*&&
^*X02/@~:<4=x< /02,C<=xS	T@/V>=>B0 B5F7<3S	=>1?Bﬀ02,T%1VcBH ,;3. =>1Q3<
9#  "*1 

D' Y0&5)
 8ﬀﬂ& 1ﬂ6@*&
	 *&?6!
 ﬁ%
æ  <æWô
Unité de recherche INRIA Rocquencourt
Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
